We design and experimentally demonstrate highly efficient Silicon Nitride based grating couplers with bottom distributed Bragg reflectors. All the layers were deposited using plasma enhanced chemical vapor deposition processing. We present gratings on two Silicon Nitride thickness (400 nm and 500 nm) platforms. On a 500 nm thick Silicon Nitride, we show a peak coupling efficiency of −2.29 dB/coupler at a wavelength of 1573 nm with a 1 dB bandwidth of 49 nm. On a 400 nm thick platform, we demonstrate a coupling efficiency of −2.58 dB/coupler at 1576 nm with a 1 dB bandwidth of 52 nm. The demonstrated coupling efficiency is the best reported as yet, for both 400 nm and 500 nm thick, plasma deposited Silicon Nitride platforms.
Introduction
Silicon Nitride (Si N ) is emerging as an alternative CMOS compatible material platform for onchip linear and non-linear applications. Unlike Silicon, Si N is transparent in visible to mid-infrared wavelength range, making it attractive for applications ranging from bio to molecular sensing [1] , [2] . Recent demonstration of various essential functional building blocks in Si N [3] - [5] clearly show the migration towards Si N as a platform for many applications. In addition to transparancy, Si N offers various advantages, including low-loss, less sensitivity to temperature and fabrication variation, and CMOS fabrication technology compatibility. As opposed to Silicon, Si N does not exhibit two photon absorption in the near-infrared regime and so Si N is an ideal candidate for numerous nonlinear optical applications [6] - [8] . The ability to tune the thickness and refractive index offers additional flexibility in engineering dispersion for a broad range of wavelengths.
In photonic integrated circuits, efficient coupling of light between fiber and chip is essential to realize desired on-chip functionality. Surface grating couplers are a preferred means of coupling as they offer compatibility with wafer-level testing and are alignment tolerant. Optical quality Si N films are deposited either using low pressure chemical vapor deposition (LPCVD) or plasma enhanced chemical vapor deposition (PECVD) at high and low process temperatures respectively. Most of the fiber-to-chip grating coupler demonstrations in literature were demonstrated on LPCVD Si N [9] - [14] . Though stoichiometric Si N deposited through LPCVD process offers better material quality, the film thickness is limited due to high stress [15] , [16] . To overcome this stress limitation, several approaches have been suggested such as engineering deep trenches to form a crack free region [17] , thermal cycling [18] , pre-patterning substrates using photonic damascene process [19] , as well as pilfering stoichiometry by depositing Silicon-rich nitride [20] , [21] . All of the aforementioned approaches entail deposition temperatures, usually in excess of 750°C and therefore demand a higher thermal budget. Furthermore, a high process temperature restricts the substrate type, such as, metal or dielectric reflectors [22] . PECVD based processes on the other hand offer a low cost, low temperature (<400°C) alternative that is back end of line (BEOL) CMOS compatible [23] . Consequently there has been a renewed interest towards developing a low temperature Si N platform for linear [24] as well as nonlinear photonics [25] - [28] . One of the drawbacks of using PECVD process is the material absorption loss due to N-H bond, which is typically addressed using high temperature annealing (>1000°C) [29] . On the other hand, it has been reported that lower propagation loss of up to −1.5 dB/cm [30] is achievable in C-band by reducing the hydrogen content, employing only N 2 and Si H 4 as deposition precursors and up to −1 dB/cm in C-L band spectrum by using the same approach in an inductively coupled plasma-CVD [31] . Despite their lowloss potential, there have been few reported works on grating couplers using standalone PECVD Si N platforms in the O-L band region, among which the best so far has been −2.56 dB/coupler, demonstrated on a 220 nm thick Si N platform [32] . In this work, we present high-efficiency gratings for Transverse Electric (TE ) mode coupling in standalone 500 nm and 400 nm thick PECVD Si N platforms, which is an extended account of preliminary results reported in [33] .
The coupling efficiency of a surface grating coupler depends primarily on two factors, which is directionality and fiber-to-grating mode matching. Directionality is the proportion of total power scattered towards the coupling fiber. Since the grating phase matching allows for equal coupling to both top and bottom regions, it is essential that the power leaked to the latter is recycled back to the waveguiding layer. This can be achieved by inserting a bottom reflector at an optimum buried oxide (BOX) thickness which allows for constructive interference of the reflected light with the original upward scattered light. On crystalline SOI, incorporating a bottom reflector can be cumbersome as it involves complex processing steps like flip-chip [34] or plasma bonding [35] to a carrier wafer or a backside metallization [36] . On Si N however, a distributed Bragg reflector (DBR) stack and the waveguiding layers can be deposited in a sequential manner [11] . Moreover, grating couplers with amorphous Silicon (a-Si ) and Si O 2 as DBR stack have already been demonstrated on deposited SOI with a high coupling efficiency of −1.6 dB/coupler [37] .
Design and Simulation
The grating couplers were designed and optimized using FDTD solver from Lumerical. The couplers were designed using the basic Bragg condition where a first-order diffraction grating period can be expressed as,
where n ef f is the effective grating index, n c is the top cladding index which in this case is that of air and θ is the fiber inclination angle. Accordingly, n ef f is calculated as:
where d c is the duty cycle, n TE 00
Si N and n TE 00 etch are the effective indices of the fundamental TE 00 mode for the Si N slab and etched regions respectively. The refractive indices of c-Si (crystalline Silicon), a-Si , Si O 2 , and PECVD Si N are obtained from ellipsometry to be 3.46, 3.53, 1.44 and 2.015 respectively. Fig. 1(a) illustrates various power distribution channels in a generic grating. For simulation and optimisation, a TE polarized Gaussian beam, with mode field diameter of 10.4 μm, is used as a source which is embedded in the air region. The coupling efficiency is estimated by monitoring the power coupled to the fundamental mode in the Si N slab layer. The incident power P inc and power coupling to fiber P CE is expressed as,
where P diff represents the directionality or power diffracted to the air region, P sub the substrate leakage, P refl denotes the back reflection and P tr signifies the power transmitted through the grating. η expressed as S |E g × H * f dS| 2 , is the mode field overlap [38] between the diffracted grating field (E g ) and the Gaussian fiber mode field (H f ). It is clear that both η and P diff need to be maximized to achieve high coupling performance. In the following sections, we present grating coupler design and simulation summary for 500 nm and 400 nm thick Si N . A parametric sweep of the grating period, duty cycle, etch depth, BOX thickness and source inclination angles is done to achieve maximum power coupling P CE .
Gratings on 500 nm Si N
The spectral response of the optimized grating for the 500 nm thick Si N /air design and its coupling efficiency (CE) is depicted in Fig. 1(b) . A peak CE of 52.5% is achieved at 1.544 μm for a period of 1.05 μm, duty cycle d c of 55%, etch depth E t of 270 nm, inclination angle θ of 9.5
• and a BOX thickness of 1.9 μm. While P diff is observed to be 55-60% in most part of the spectrum, the substrate leakage P sub accounts for a substantial portion of the total scattered power loss (∼30%). The remaining losses, P tr and P refl , together contribute a little under 10% of the total loss. In order to curtail P sub and enhance directionality, we incorporate a bottom reflector using two layer DBR stack consisting of sequential layers of 110 nm and 270 nm thick a-Si and Si O 2 respectively. A schematic of the grating device with bottom reflector used in simulations is shown in Fig. 2(a) . The thickness of the oxide layer between the grating and the bottom reflector is crucial to achieve phase matching between the bottom reflected field and the scattered field from the grating. Fig. 2(b) plots the variation of peak CE as a function of BOX thickness for the optimized grating period, with and without a DBR stack. The plot indicates a slightly lower optimal BOX thickness for a DBR stack at 1.85 μm, when compared to a Si substrate. The peak efficiency is observed to be over 70% within a ±50 nm deviation of optimal BOX thickness. We observe an optimal simulated coupling efficiency and (b) fiber inclination angle θ on the spectral characteristics and coupling efficiency of the grating coupler in 500 nm thick Si N . Inset in both graphs show the peak wavelength evolution. For (b), a grating period of 1.05 μm, duty cycle 55% and etch depth 260 nm is used to simulate the effect of inclination angle. of 73.4% at a wavelength of 1.547 μm with a 1 dB bandwidth of 56 nm. The coupling is 20% higher than the design without DBR. Maximum coupling is observed for a period of 1.05 μm, which is same as that of grating without DBR, at 10
• inclination angle and an etch depth of 260 nm. Fig. 3 shows the CE variation as a function of grating period and inclination angle. The peak coupling wavelength λ max increases linearly with while an inverse relation with θ is observed which is consistent with eq. (1). The dependence of d c at optimized period is depicted in Fig. 4(a) . While maximum coupling is observed for 55% d c , the peak efficiency is maintained above 72% for a 5% variation in d c . Fig. 4(b) depicts the variation of peak CE at different etch depths. We estimate a 1 nm decrease in λ max per nm increase in etch depth E t . For an etch span of 80 nm, the peak coupling is observed to be over 70%, with a noticeable red shift in λ max at lower E t , which underlines the robustness of design to process induced etch variations.
Gratings on 400 nm Si N
Using eqs. (1) and (2) and employing a similar methodology as described for 500 nm thick Si N /air grating design, we optimize the grating coupler parameters for a 400 nm thick Si N in Si O 2 cladding Fig. 2(a) . to achieve maximum coupling efficiency between a Gaussian fiber source and the fundamental propagating mode. Unlike the previous case however, gratings in this design are considered as fully etched. Initially, the coupling is optimized for a Si substrate without a bottom reflector. The optimum BOX thickness is calculated to be 1.6 μm. Fig. 5(a) shows the grating spectrum with the different loss channels for the optimized grating period. Peak coupling is observed to be 46.4% at a wavelength of 1.55 μm for an optimized grating with a period of 1.12 μm, 10
• inclination angle, and 50% d c . As also observed in the 500 nm device, principal loss is due to substrate leakage P sub , which is above 35% in this case. The substrate leakage is reduced by adding a bottom DBR, similar to the one described in Section 2.1. A 2D schematic of the device design layout is illustrated in Fig. 5(b) . Fig. 6(a) shows the coupling at different periods. With an underneath DBR, we observe a peak coupling efficiency of 77% which is an increase of about 30% at 1.575 μm with a 1 dB bandwidth of 75 nm. The peak coupling as a function of BOX thickness is plotted in Fig. 6(b) . Here too, the optimal BOX thickness for a DBR stack is observed to be slightly lower at 1.56 μm which is similar to trend observed in the previous design. Also, a ±50 nm variation in ideal BOX thickness leads to a marginal reduction in coupling to 70%. Fig. 7(a) and 7(b) show the inclination angle and duty cycle dependence at optimum period. Maximum coupling efficiency is achieved with a grating period of 1.13 μm, 50% d c , and 10
• inclination. The grating being fully etched, offers a reliable platform that avoids etch depth variation. Figure 8 showcases the dependence of coupling performance of the two optimized designs to the number of DBR stacks. For a single layer a-Si /Si O 2 stack, the calculated peak coupling is observed to be 68% for 500 nm Si N /air grating and 69% for 400 nm Si N /Si O 2 grating. However, for a 2 layer DBR stack, the corresponding peak coupling is observed to be 73% in the case of former and 77% in the case of latter. Beyond 2 layers, there is appears to be a saturation and no noticeable improvement in peak coupling performance of both designs. These plots indicate that a 2 level DBR stack underneath the BOX, would be sufficient to implement a highly directional grating design. 
Impact of DBR Stacks

Fabrication and Characterization
The devices were fabricated on a Si wafer and all the material deposition was done using PECVD. Initially on a clean c-Si wafer, successive deposition of 270 nm Si O 2 and 110 nm of a-Si is done to create a bottom DBR. The layers are deposited twice to form a 2-layer DBR stack. The wafer with DBR stack is used a base substrate to build grating device demonstrator on 500 nm and 400 nm thick Si N . For the 500 nm thick Si N design, a 1.85 μm thick BOX layer is deposited followed by a 500 nm thick Si N using silane (Si H 4 ), ammonia (N H 3 ), and nitrogen (N 2 ) at 350
• C. For the 400 nm Si N device layer, 1.56 μm thick Si O 2 is used as BOX. The wafers with the Si N device layer and DBR, are used to pattern grating test structures. The fabricated test structures consisted of, a 12 μm wide and 300 μm long patch waveguide (as illustrated in Fig. 9(a) ) for the 500 and 400 nm Si N platforms. In addition, a 200 μm rib waveguide with in and out 300 μm long adiabatic waveguide tapers (as shown in Fig. 9(b) ) was fabricated on the 500 nm thick Si N platform.
The grating test structures were fabricated using Electron Beam Lithography (EBL) and dry etch process. The grating test patterns were written on MaN 2403 resist using EBL, followed by dry etching of Si N . The 400 nm devices were fully etched, while 500 nm thick Si N devices were partially etched to 260 nm. Grating periods and duty cycles were varied to study their effect on the device characteristics. The patterns in the resist were transferred into Si N using Fluorine chemistry with inductively coupled plasma-reactive ion etching (ICP-RIE) process. The remaining resist is removed using plasma resist strip and wet clean. As per the design, 400 nm devices were covered with 2 μm Si O 2 . The process flow of the device stack for both designs is illustrated in Fig. 10 . A scanning electron microscope (SEM) image of the fabricated devices is depicted in Fig. 11 . Fig. 11(b),(d) shows the cross-section SEM of fabricated gratings of both platforms with their 2-layer bottom DBR stack. Fig. 10 . Fabrication process flowchart for grating couplers on 500 nm and 400 nm Si N . All depositions were done on a standard PECVD chamber and the deposition temperatures did not exceed 350°C.
Optical characterization was done using a fiber coupler C-band, superluminescent laser diode (SLD) as a light source and an optical spectrum analyser (OSA). The in and out coupling fibers are mounted on a gonio stage to characterize the effect of incident angle on the device performance. Light from SLD is coupled to in-coupling fiber through a polarization controller. The output port fiber from the stage is connected to an OSA. The efficiency of the device is calculated by normalizing the device spectra from the source spectra without the device. Figure 12 shows a summary of coupling efficiencies of grating couplers fabricated on 500 nm thick Si N /air platform. A maximum coupling efficiency of −2.29 dB per coupler was measured at 1573 nm with a 1 dB bandwidth of 49 nm. The maximum efficiency was achieved with a period of 1.04 μm, 55% duty-cycle and 8.5
Results and Discussion
• fiber inclination angle. With increasing grating period, we observe a red-shift of the peak wavelength, however, with only marginal change (±0.1 dB) in the coupling efficiency as shown in Fig. 12(a) . We observe a wavelength shift of 0.8 nm/nm in the grating period, that agrees with the simulated value of 1 nm/nm. Fig. 12(b) shows the angle dependence of the peak measured period and its corresponding simulated spectrum. Fig. 13 shows the coupling efficiencies of the 400 nm thick Si N /Si O 2 grating devices. A maximum coupling efficiency of −2.58 dB per coupler is measured at 1576 nm with a 1 dB bandwidth of 52 nm. The maximum efficiency was achieved with a period of 1.12 μm, 60% duty-cycle and 8
• inclination angle. A 20 nm variation in the grating period has only a marginal change in the coupling efficiency ±0.13 dB. It is noticed that the peak coupling angle as well as wavelength and bandwidths for both platforms differs from that of simulated results. This may be attributed to a less than optimum duty cycle and etch depth (as in case of 500 nm Si N /air design) for the fabricated devices. In the case of patch waveguide test devices for both platforms, we observe periodic ripples which can be attributed to Fabry-Perot cavity effect stemming due to its short length. We observe a ripple period of 2 nm that corresponds to a cavity length of 300 nm in Si N which also confirms the origin of the ripples. Fig. 14(a) depicts the measured coupling efficiency for different periods between a fiber and a rib waveguide on the 500 nm Si N /air grating platform (with dimensions, illustrated in Fig. 9(b) ). We measure a peak efficiency of −2.84 dB per coupler. A comparison of measured efficiencies of the patch grating, rib waveguide and the simulated spectrum is plotted in Fig. 14(b) . The patch grating efficiency is ≈0.55 dB higher than the patch waveguide test device. We attribute the excess loss to a less than optimal 300 μm long waveguide taper. The taper loss can be reduced by using either longer adiabatic tapers [11] , focusing gratings [12] or compact tapers [39] . Since the test structure has smooth transition due to adiabatic tapering, we do not observe any ripples in the measured spectrum. Additional propagation loss due to scattering could be reduced by optimizing the patterning process [24] . The grating coupler efficiency could be further increased by using apodized grating to achieve better mode matching between the grating and fiber fields. It may be mentioned that, though the 500 nm partially etched Si N /air grating would have a better coupling performance on account of improved grating strength, the former may not always be feasible in an integrated platform. However such designs can be considered for sensing applications or nonlinear photonics where surrounding cladding can critically impact waveguide dispersion. In Table 1 , we compare the demonstrated coupler performance, among different Si N platforms reported so far in literature.
Conclusion
In summary, we have designed, fabricated and experimentally demonstrated grating couplers on two distinct platforms of PECVD Si N . We have presented a detailed design, analysis and fabrication of grating couplers having high directionality. Using bottom Bragg reflectors, we demonstrate a measured peak coupling efficiency of −2.29 dB and −2.58 dB in 500 nm thick Si N /air and 400 nm thick Si N /Si O 2 gratings respectively. To the best of our knowledge, the demonstrated efficiencies are the highest for 500 nm thick Si N and among the best for 400 nm thick Si N films when compared to couplers on LPCVD deposited films. Moreover, the minimum feature dimensions are compatible with Deep-UV lithography patterning technique. The low temperature and high-efficiency grating coupler demonstration shows a promising route for integration of Si N circuits on a variety of substrates.
